T HE NEUROENDOCRINE HYPOTHALAMUS consists of a complex array of distinct neuronal phenotypes, each expressing a specific complement of neuropeptides, neurotransmitters, and receptors (1). Many of our vital needs, such as those for growth, reproduction, nutrition, sleep, and stress responses, depend on hormonal balance or homeostasis, which is controlled by both external and internal stimuli at the hypothalamic level. Numerous studies have been undertaken to map the afferent connections between distinct hypothalamic neurons using methodology such as double-and, recently, triple-label immunocytochemistry and in situ hybridization (2-5). These studies are useful to generate an emerging picture of the potential cellular communication within the hypothalamus but are not comprehensive and do not address the mechanisms involved in gene regulation and cellular signaling. Historically it has proven to be difficult to establish immortalized hypothalamic cell lines, due to the lack of naturally occurring central nervous system tumors and the inherent difficulty of transforming or immortalizing highly differentiated neurons from primary culture (6). Cell lines from the peripheral nervous system have been established from neuroblastomas, such as the Neuro2A cell line, and pheochromocytomas, such as the PC12 cell line; however, these models are not truly representative of differentiated central nervous system neurons. Previously, infection of primary cultures of hypothalamic tissue from embryonic d 14 (E14) with SV40 large T-antigen (T-Ag) in the early 1970s produced cell lines that were not considered fully differentiated (7). However, a few cell models from the hypothalamus have been developed, and have proven to be extremely useful toward understanding the cellular biology of specific neuroendocrine cells (7-10). For instance, the GT1-7 GnRH-secreting neuronal cell model has been used extensively over the past decade to delineate the basic control mechanisms involved in GnRH neuronal function (11), and a cell line from the suprachiasmatic nucleus has allowed the dissection of central clock mechanisms (12). However, the number of cell models from the hypothalamus, and from the entire brain for that matter, consist of a few isolated cell types and represent an infinitesimal percentage of the neuronal phenotypes represented within the brain. For this reason, we have used retroviral transfer of SV40 T-Ag into primary hypothalamic cell culture to generate an array of immortalized cell models from the hypothalamus. The mixed populations were subcloned and defined by expression of specific neuropeptides and receptors. The clonal cell models express neuronal cell markers, exhibit neurosecretory properties, and respond appropriately to hormonal stimulation.
T HE NEUROENDOCRINE HYPOTHALAMUS con-
sists of a complex array of distinct neuronal phenotypes, each expressing a specific complement of neuropeptides, neurotransmitters, and receptors (1) . Many of our vital needs, such as those for growth, reproduction, nutrition, sleep, and stress responses, depend on hormonal balance or homeostasis, which is controlled by both external and internal stimuli at the hypothalamic level. Numerous studies have been undertaken to map the afferent connections between distinct hypothalamic neurons using methodology such as double-and, recently, triple-label immunocytochemistry and in situ hybridization (2) (3) (4) (5) . These studies are useful to generate an emerging picture of the potential cellular communication within the hypothalamus but are not comprehensive and do not address the mechanisms involved in gene regulation and cellular signaling. Historically it has proven to be difficult to establish immortalized hypothalamic cell lines, due to the lack of naturally occurring central nervous system tumors and the inherent difficulty of transforming or immortalizing highly differentiated neurons from primary culture (6) . Cell lines from the peripheral nervous system have been established from neuroblastomas, such as the Neuro2A cell line, and pheochromocytomas, such as the PC12 cell line; however, these models are not truly representative of differentiated central nervous system neurons. Previously, infection of primary cultures of hypothalamic tissue from embryonic d 14 (E14) with SV40 large T-antigen (T-Ag) in the early 1970s produced cell lines that were not considered fully differentiated (7) . However, a few cell models from the hypothalamus have been developed, and have proven to be extremely useful toward understanding the cellular biology of specific neuroendocrine cells (7) (8) (9) (10) . For instance, the GT1-7 GnRH-secreting neuronal cell model has been used extensively over the past decade to delineate the basic control mechanisms involved in GnRH neuronal function (11) , and a cell line from the suprachiasmatic nucleus has allowed the dissection of central clock mechanisms (12) . However, the number of cell models from the hypothalamus, and from the entire brain for that matter, consist of a few isolated cell types and represent an infinitesimal percentage of the neuronal phenotypes represented within the brain. For this reason, we have used retroviral transfer of SV40 T-Ag into primary hypothalamic cell culture to generate an array of immortalized cell models from the hypothalamus. The mixed populations were subcloned and defined by expression of specific neuropeptides and receptors. The clonal cell models express neuronal cell markers, exhibit neurosecretory properties, and respond appropriately to hormonal stimulation. 
Materials and Methods

Primary cell culture, retroviral infection, and cell culture
Mice (BALB/c females and DC1 males from Charles River Laboratories, Wilmington, MA) were bred and an entire litter was harvested at E15, E17, or E18. All experimental protocols were approved by the Animal Care Committee of the University Health Network, Toronto General Hospital. Three to five hypothalami from embryonic mice were pooled, then dissociated into a single cell suspension by trituration and transferred to a new culture dish containing primary culture medium (DMEM), 10% heat-inactivated defined fetal bovine serum (FBS), 10% heat-inactivated defined horse serum, 1% penicillin-streptomycin, and 20 mm d-glucose (all from Life Technologies/Life Technologies, Inc., Rockville, MD). Osmolarity of the culture medium was adjusted to 320 -325 mOsm with glucose. The cell suspension was split into two 75-to 80-cm 2 tissue culture flasks, coated with 100 g/ml poly-l-lysine (Sigma Chemical Co., St. Louis, MO). Cells were allowed to attach to the flask for 24 h incubating at 37 C with 5% CO 2 before for infection with retrovirus.
The primary cells were incubated for 1 h, twice successively, with fresh virus-containing medium harvested from confluent culture of 2 cells (psitex cells) (13) producing a replication-defective, recombinant murine retrovirus. This virus, constructed by using the pZIPNeo SV(X) 1 vector, harbors the intact cDNA sequence for simian virus (SV40) large T-Ag and neomycin resistance gene. The producer psitex cells harboring the oncogene were cocultured with NIH3T3 cells at a 1:4 ratio. The viral supernatant was prepared at a titer between 10 5 and 10 6 colony-forming units/ml. The supernatant was stored at -80 C until primary cell culture infection. Retrovirus-infected cells (after 48 h in culture medium with retrovirus) were incubated with medium containing geneticin (G418) in selective concentration (400 -600 g/ml for initial selection, 250 g/ml for cell maintenance).
Resistant colonies, appearing after 2-3 wk, were picked using cloning cylinders and further expanded. The growth curves of cloned cell lines, still representing a mixed population of hypothalamic cells, displayed a doubling time of approximately 24 -48 h. The new clones were selected if they demonstrated predominantly neuronal lineage morphology, as small, rounded, or ovoid perikarya and long neuritic processes. Generally, the cloned lines form monolayers, grow rapidly, and retain growth contact inhibition. Further expansion was performed only after evidence for expression of SV40 T-Ag and neuron-specific enolase (NSE) and lack of glial fibrillary acidic protein. Mixed populations of hypothalamic cells were further subcloned through successive dilutions of the trypsinized cells into 96-well tissue culture plates coated with poly-llysine. The optimal dilution allowed only one or two cells per well. The cells were incubated in conditioned medium, i.e. medium taken from the mixed cultures, at a 1:1 ratio with culture medium, DMEM with 15% FBS (Life Technologies). Cell colonies were allowed to grow and then successively split into 24-well plates, and finally 60-mm plates, for RNA analysis and cryopreservation. Immortalized cell lines were grown in DMEM supplemented with 10% FBS, 20 mm glucose, and penicillin/ streptomycin and maintained at 37 C with 5% CO 2 .
Cell line screening
Each cell line was analyzed for the expression of specific markers by RT-PCR. First-strand cDNA was synthesized from 10 g of DNase I-treated RNA, using SuperScript II RT (Life Technologies). The RT reaction was primed with random primers. cDNA synthesis was followed by RNase H (180 U/ml) digestion of RNA in a total volume of 20 l. Control reactions were performed where amplification was carried out on samples in which the RT was omitted (RT-). Whenever possible, primer sequences flanked an intron, as an extra control for DNA contamination (Table 1) . In most cases, the agarose gels were transferred for Southern blot analysis with an internal primer sequence as a probe. All products were sequenced to confirm identity.
Analysis of neuropeptide Y (NPY) gene expression was performed over a 12-h time course. N-38 cells were continuously exposed to 10 nm leptin in regular DMEM supplemented with 10% FBS, 20 mm glucose, and penicillin/streptomycin. Cells were harvested at the indicated times, and total RNA was isolated using the guanidinium thiocyanate phenol chloroform extraction method. Real-time PCR was performed with SYBR green PCR master mix (Applied Biosystems Inc., Streetsville, Ontario, Canada), according to the manufacturer's instructions, and run on the Applied Biosystems Prism 7000 real-time PCR machine. Approximately 50 ng of template was used for the PCR, and the primer sequences for the NPY transcript are as follows: NPY248-SYBR sense, 5Ј-CAGAAACGCCCCCAGAA-3Ј, and NPY324-SYBR antisense, 5Ј-AAAAGTCGGGAGAACAAGTTTCATT-3Ј. Real-time PCR values were normalized to histone mRNA levels at the corresponding time points. Mouse recombinant leptin was purchased from Sigma-Aldrich Canada, Ltd. (Oakville, Ontario, Canada).
Calcium imaging and microscopy
Ca 2ϩ imaging experiments were performed with Fura2 (Molecular Probes, Eugene, OR) using an Olympus IX70 inverted epifluorescence microscope, an Ultrapix camera with an EEV CCD37-10-1-019 chip, a monochromator, and a PC with Merlin imaging software (Life Science Resources, Cambridge, UK) using standard Fura2 optics and imaging techniques. The extracellular solution used for imaging experiments consisted of (in mm): 140 NaCl, 4 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES at pH 7.3. Cells were loaded with 4 m Fura2-AM for 40 min at 37 C in standard extracellular solution. Intracellular free Ca 2ϩ ([Ca 2ϩ ] i ) concentrations were calculated using the Grynkiewicz equation (14), where K d is the dissociation constant. Transmission electron microscopy was performed by the Advanced Bioimaging Centre, Mount Sinai Hospital (Toronto, Ontario, Canada), using a Hitachi H-7000 TEM, equipped with a digital image acquisition system. 
Results and Discussion
Generation of immortalized hypothalamic cell lines
We have established a series of clonal, immortalized hypothalamic neuronal cell lines that express the potent oncogene SV40 large T-Ag and specific neuronal markers. To obtain these cell lines we have used primary cell culture from fetal mouse hypothalamus at E15, E17, and E18, representing a period of recognized neurogenesis in the mouse (15) . The pZIPNeo SV(X)1 vector, containing the intact cDNA sequence for SV40 T-Ag and a neomycin resistance gene, was used as an immortalization factor during retroviral infection of the primary hypothalamic cultures (6, 13) . The cells generated by this method are unique, compared with other immortalized cell lines, because they did not originate as a tumor but were transformed only by the expression of SV40 T-Ag in monolayer primary culture. The mixed cell populations were isolated using geneticin (G418) at a selective concentration (400 -600 g/ml) (Fig. 1A) . The mixed cell populations are considered to be neuron-like due to the expression of NSE, a specific neuronal marker (6), and neurofilament, but not glial fibrillary acidic protein (GFAP) (Fig. 1 , B and C). Incorporation of the oncogene was also determined by analysis of SV40 T-Ag expression. The heterogeneous cell populations potentially represent a source of any cell of interest from the hypothalamus. To test this, the cell lines were then serially diluted until clonal cell populations were generated. Thirty-eight representative clonal cell lines have been isolated from the initial screenings of the heterogeneous cell populations, and 16 of these have been further characterized to date (Table 2) . Each cell line has a distinct cell morphology, indicating that they represent unique cell types demonstrating the potential diversity from the heterogeneous cells, although all of the cells have some common characteristics, such as overall neuronal phenotype and the appearance of neurites ( Fig. 2A) . Using electron microscopy, we have found that the cells exhibit dense core granules, indicative of secretory neurons, and form cell-cell contacts, with what appears to be the presence of dense material at the contact point, indicative of what has been seen previously at a synaptic cleft (16) (Fig. 2B) . The lines are stable and maintain expression of SV40 T-Ag and NSE but do not express GFAP (Fig. 2B) . For instance, the N-38 cell line has been passaged to P-44 and maintains SV40 T-Ag expression after 2 yr of continuous growth. Furthermore, all cell lines express syntaxin-1, a SNARE protein complex member localized to the presynaptic plasma membrane that has an indispensable role in neurosecretion (17) . These immortalized, clonal cell lines provide valid model systems for molecular and biochemical investigations on the regulation of specific hormones, characteristics of their respective secretory neuronal population and an unlimited source of homogenous cell material and of the neuropeptide itself.
Characterization of clonal cell lines
Expression profiles of the 16 clonal hypothalamic cell lines are described in Table 2 . Known hypothalamic markers were examined with particular attention to neuropeptides linked to energy homeostasis, specific releasing hormones, and enzymes responsible for neurotransmitter synthesis. A wide variety of neuronal phenotypes were generated, often with coexpression of multiple markers, confirming what has been detected in vivo through mainly immunocytochemical methodology (18) . However, this comparative analysis is fairly limited due to the detection of only two to three peptides and/or markers in individual dual-label experiments; therefore we suggest that the appropriate experimental results are not yet available from in vivo studies to compare expression profiles for the 28 markers detected in our cell line analysis. The neurons expressing peptides linked to energy homeostasis expressed peptide profiles consistent with those reported by immunochemistry or in situ hybridization (4). For instance, all NPY-expressing neurons, thought to have orexigenic properties in feeding behavior, also expressed agoutirelated protein (AgRP), but not proopiomelanocortin (POMC), a precursor to the anorexigenic neuropeptide ␣-melanocortin-stimulating hormone (19, 20) . However, we did not detect the expression of cocaine-and amphetamineregulated transcript (CART) in any of the POMC-expressing cell lines (or any cell lines for that matter), although this protein has been reported to be coexpressed in many POMC neurons in situ. This may suggest a limited window of expression of the CART peptide during development. Interestingly, although not expected, all of the cell lines expressed AgRP and GnRH, indicating a potential role for these peptides in development. However, we cannot yet rule out the possibility of the regulation of these genes by the expression of T-Ag. Although we were extremely careful to select clones that appeared to arise from a single cell, resulting in a single focus of cells in the 96-well plates during the serial dilution step, we believe that one or two lines may contain more than one cellular clone. One cell line, N-29, that was found to express both NPY and POMC was suspected to have arisen from two cell populations; therefore, further subcloning of the line was undertaken. We found that of the four subclones generated (N-29/1-N29/4), two expressed NPY and one expressed POMC, but no coexpression was detected. Complete characterization of the subclones is currently underway. For the most part, the differential morphology and phenotypic profiles indicate that the majority of the lines characterized arose from a single cell population.
The successful generation of cell models from the hypothalamus that are not yet available allows the study of the transcriptional regulation of many genes associated with complex neuroendocrine pathways. Specifically, very little is known of the control of ghrelin, melanin-concentrating hormone (MCH), urocortin, neurotensin, proglucagon, and GHRH in the hypothalamus, and to our knowledge, our cell lines are the first available to study the regulation of these genes. Importantly, many of the lines expressing peptides associated with energy homeostasis also express the long form of the leptin receptor, ObR b (4), and suppressor of cytokine signaling, a downstream effector molecule of ObR b (21) . As an example, the N-38 cell line expresses NPY, AgRP, and ObR b , but not POMC (Fig. 2D) . To determine whether the cell lines respond appropriately to hormone stimulation, we used the N-38 cell line as a model for leptin responsiveness. Stimulation of the N-38 cell line with 10 nm leptin over a 12-h time course resulted in a significant down-regulation of NPY gene expression at 2 and 4 h (Fig. 2E) . These results conform to previous reports in vivo suggesting that leptin is able to directly effect NPY-expressing neurons in the hypothalamus, specifically by decreasing NPY gene expression (22) (23) (24) . However, because N-38 is a clonal cell model of NPY-expressing neurons, it is difficult to directly compare the temporal down-regulation of NPY mRNA levels to the whole animal. Although the N-38 cells were continuously exposed to leptin, the metabolism of the peptide may be altered due to the presence or absence of specific binding proteins, enzymes, and afferent neuronal connections that may contribute to the sustained repression of NPY in the animal. Nonetheless, the N-38 cell model will prove useful to understand the direct regulation of the NPY neuron by leptin vs. indirect or afferent control of NPY expression and to dissect the molecular events involved in this process.
A number of the neuronal cell models reported herein have the potential to produce major neurotransmitters, as many of the lines expressed tyrosine hydroxylase, a marker of catecholaminergic neurons. Cells expressing tyrosine hydroxylase have the potential to produce dopamine, norepinephrine, and epinephrine, depending upon the complement of downstream catalytic enzymes. Other cell lines expressed tryptophan hydroxylase, the rate-limiting enzyme of serotonin production and an important component of melatonin biosynthesis. Due to the involvement of these neurotransmitters in the development of neurological disorders, such as depression, the use of the cell lines to study their regulation is fundamental for the development of sat- 
w, Weak; SNTX, syntaxin; ER, estrogen receptor; AR, androgen receptor; LepR, leptin receptor b; Glp2R, glucagon-like 2 receptor; SOCS, suppressor of cytokine signaling 3; Ucn, urocortin; NT, neurotensin; Gal, galanin; Orx, orexin; proGlu, proglucagon; AVP, arginine vasopressin; OXY, oxytocin; Arom, aromatase; TPH, tryptophan hydroxylase; TH, tyrosine hydroxylase; nd, not done. All data was generated by RT-PCR, with RTϪcontrols, and the majority of agarose gels were Southern blotted, transferred, and probed with an internal primer sequence for validation of results (see Table 1 for details).
isfactory treatment options. Cell lines were also generated expressing specific releasing peptides, such as GHRH, GnRH, or secreted peptides, such as proglucagon-derived peptides, oxytocin, or arginine vasopressin. Because many of the peptides and enzymes present in the individual cell lines are secretory products, one representative cell line, N-38, was studied for its response to depolarization by addition of 60 mm KCl. Intracellular calcium levels ([Ca 2ϩ ] i ) were monitored, and a typical single-spike [Ca 2ϩ ] i response was observed, consistent with a functional neurosecretory response (Fig. 3) . Although each cell line will be investigated in terms of the secretory properties of specific neuropeptides, these preliminary studies indicate that these cells are capable of neurosecretion, as expected. (D) in N-38 cells. GT1-7 cell and hypothalamic RNA are used as positive controls, whereas reactions without RT (RT-) were also included, as indicated. E, N-38 cells were exposed to 10 nM leptin, and real-time RT-PCR was performed over a 12-h time course. *, P Ͻ 0.05 (n ϭ 3).
These cell models represent the most extensive collection of clonal hypothalamic neuronal phenotypes currently available. We have used retroviral infection of the SV40 T-Ag to generate both heterogeneous neuronal cell populations and clonal cell lines. One must take into account that these cell lines were, through technical necessity, generated from the embryonic mouse hypothalamus and may or may not be representative of the adult hypothalamic neuron. In particular, a number of our clonal cell lines coexpress a variety of neuropeptides (such as N-38, expressing NPY, MCH, GnRH, and GHRH) not yet reported through immunocytochemical or in situ studies of adult hypothalamus. However, nontransformed primary hypothalamic cultures are difficult to maintain, have a short lifespan, and represent a heterogeneous neuronal and glial cell population, usually with a minimal number of healthy, peptide-secreting neurons. Analysis of brain slices or whole-animal experimentation yields limited, and often conflicting, mechanistic data. In particular, expression of specific neuropeptides, which typically define the identity of these distinct neurons, is detected in relatively small populations of cells and, as evidence suggests, is distributed throughout the hypothalamic nuclei (25) . Thus the study of the mechanism of action of a specific neuropeptide, its gene regulation, and both its original or mediated roles and contributions within the hypothalamus is limited in situ. A complex neuronal system, based in the hypothalamus, has evolved to maintain energy homeostasis.
Therefore major efforts are currently underway to dissect the central pathways involved in the regulation of feeding behavior and energy balance, with the hope of discovering targets for the treatment of obesity. Particularly impressive is the number and variety of cell lines that we have cloned expressing most of the neuropeptides and neurotransmitters reported to be associated with feeding behavior [for review see Ahima and Osei (26) ]. Although these cells have limitations when compared with the whole brain, due to the absence of the complex architecture and afferent cellular connections, it is certain that the knowledge generated through the analysis of these cell models will lead to more focused analysis in the whole animal. These cells will not only be valuable to understand the regulation of individual cell types within the hypothalamus by hormones and neurotransmitters, but may also lead to a better understanding of how these individual neurons communicate with afferent populations of regulatory neurons. It is difficult to approach this level of complexity in the whole brain, and therefore by using a reductionist view of the hypothalamus we can start to piece together a more complete picture of how this complex part of the brain achieves its highly regulated control of basic physiological processes. 
